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Abstract

:

Inflammation plays a pivotal role in the development and progression of inflammatory bowel disease (IBD), by contributing to tissue damage and exacerbating the immune response. The investigation of serotonin receptor 2A (5-HT2A) ligands and transient receptor potential (TRP) channel ligands is of significant interest due to their potential to modulate key inflammatory pathways, mitigate the pathological effects of inflammation, and offer new avenues for therapeutic interventions in IBD. This study investigates the anti-inflammatory effects of 5-HT2A ligands, including psilocybin, 4-AcO-DMT, and ketanserin, in combination with TRP channel ligands, including capsaicin, curcumin, and eugenol, on the inflammatory response induced by tumor necrosis factor (TNF)-α and interferon (IFN)-γ in human 3D EpiIntestinal tissue. Enzyme-linked immunosorbent assay was used to assess the expression of pro-inflammatory markers TNF-α, IFN-γ, IL-6, IL-8, MCP-1, and GM-CSF. Our results show that psilocybin, 4-AcO-DMT, and eugenol significantly reduce TNF-α and IFN-γ levels, while capsaicin and curcumin decrease these markers to a lesser extent. Psilocybin effectively lowers IL-6 and IL-8 levels, but curcumin, capsaicin, and 4-AcO-DMT have limited effects on these markers. In addition, psilocybin can significantly decrease MCP-1 and GM-CSF levels. While ketanserin lowers IL-6 and GM-CSF levels, there are no effects seen on TNF-α, IFN-γ, IL-8, or MCP-1. Although synergistic effects between 5-HT2A and TRP channel ligands are minimal in this study, the results provide further evidence of the anti-inflammatory effects of psilocybin and eugenol. Further research is needed to understand the mechanisms of action and the feasibility of using these compounds as anti-inflammatory therapies for conditions like IBD.






Keywords:


psilocybin; ketanserin; 4-AcO-DMT; curcumin; eugenol; capsaicin; serotonin receptor ligands; transient receptor potential channel ligands; inflammation; small intestine; 3D tissue












1. Introduction


The intestinal epithelium acts as a permeable and dynamic interface for the absorption of water, dietary nutrients, and electrolytes, while maintaining an important barrier to prevent the entry of pathogenic microorganisms found in the gut [1,2]. While the intestinal mucosa prevents the translocation of toxins, microorganisms, and antigens, inflammation plays a vital role by eliminating these harmful agents. However, excessive intestinal inflammation can lead to inflammatory bowel disease (IBD), and secondary extraintestinal manifestations, including diseases in the hepatobiliary, musculoskeletal, dermatological, renal, and pulmonary systems [3]. While the triggers of IBD are multifactorial and complex, inflammation plays a critical role in the pathogenesis of IBD [4].



Due to the large global burden with over 4.9 million global cases of IBD [5] and rising prevalence rates [6], there is a growing need for novel therapeutics to treat IBD [4]. The therapeutic potential of currently approved drugs are limited and controversial due to limited efficacy, poor safety and tolerability profiles, or adverse side effects [4].



Recently, an increasing amount of research is looking into the anti-inflammatory potential of psychedelic mushrooms. Extracts of psychedelic mushrooms have been shown to decrease nitrosative stress and the production of inflammatory cytokines and prostaglandins in lipopolysaccharide (LPS)-activated mouse and human macrophages in vitro [7,8]. Since psychedelic mushrooms contain psilocybin, many have presumed the anti-inflammatory effects were due to the binding of psilocybin’s active metabolite psilocin on the 5-HT2A receptor, which is known to modulate immune function and cytokine production [9]. Although psilocin can bind to 5-HT2B receptors [10], pivotal studies show the anti-inflammatory effects of psychedelics are mediated by the 5-HT2A receptor. Furthermore, psilocybin has been shown to have superior anti-inflammatory potential compared to non-psychedelic 5-HT2A receptor agonists due to ligand specificity, and the anti-inflammatory effects of psilocybin do not require hallucinogenic doses in animal models [9].



Other novel psychedelics have been suggested as potential anti-inflammatory therapeutics, including a synthetic analogue of psilocybin, 4-acetoxy-N,N-dimethyltryptamine (4-AcO-DMT), which is the O-acetylated version of psilocin and is deacylated within the liver to produce psilocin. Due to lower production costs and relative ease to synthesize 4-AcO-DMT, it has been suggested as a replacement for psilocybin [11]; however, there has been no published research on the anti-inflammatory effects of 4-AcO-DMT until recently [12].



Ketanserin, though tethered to a reputation marked by adverse effects, has shown unexpected anti-inflammatory capabilities. Despite being an antagonist of the 5-HT2A receptor, ketanserin has been shown to alleviate colitis by preventing neutrophil infiltration, inflammatory cytokine production, and cellular apoptosis [13]. Simultaneously, ketanserin can curtail M2 macrophage polarization, migration, and NF-κB activation, all while restoring the intestinal mucosa’s architectural integrity [14]. While ketanserin has shown potential in inhibiting inflammation in IBD, ketanserin has known adverse effects that would likely contraindicate any therapeutic use in IBD, including causing cardiac arrythmias [15], dyspepsia [16], and orthostatic hypotension [17].



In addition, many researchers are studying transient receptor potential channels (TRP) due to their presence on monocytes/macrophages [18], as well as recent evidence showing their importance in inflammation and inflammatory diseases [19]. TRP vanilloid 1 (TRPV1) and TRP melastatin 8 (TRPM8) have recently been shown to modulate LPS-induced inflammation [20] while binding can prevent inflammation and oxidative stress [21]. As such, we have chosen to study TRP ligands eugenol, curcumin, and capsaicin.



Previously, we have shown eugenol has potent anti-inflammatory effects and shows synergy with psilocybin in vivo within the brain [22], as well as in vitro within small intestinal epithelial cells [12]; however, outside of cell models, the effects of eugenol on IBD still remains unknown. Although eugenol is still being studied, it is demonstrating potential as an IBD therapeutic and has been declared by World Health Organization (WHO) to be generally recognized as safe and non-mutagenic [23].



In contrast, curcumin, found in turmeric, has potent anti-inflammatory effects, specifically inhibiting toll-like receptor 4 (TLR4)/NF-κB-induced inflammation [24] and by binding to TRPV1 to prevent IL-6 and TNF-α production [25]. Curcumin has been suggested as a potential remedy for IBD due to an acceptable daily intake of up to 3 mg/kg of the body weight, as recognized by the Food Agriculture Organization, WHO, and European Food Safety Authority [26].



In addition, capsaicin can activate TRPV1 to inhibit NF-κB signaling and production of pro-inflammatory cytokines and COX-2 [27,28,29]. Furthermore, capsaicin has been shown to decrease high fat diet-induced endotoxemia by preventing microbial dysbiosis, gut barrier dysfunction, and low-grade inflammation [30]. While capsaicin does have beneficial anti-inflammatory effects, its use is limited due to an estimated LD50 of 5–50 g/kg of the body weight, and unpleasant side effects at doses well below these levels, including only 10 mg required to induce intestinal cramping and discomfort [31].



Our study aims to investigate the efficacy of 5-HT2A ligands, including psilocybin, 4-AcO-DMT, and ketanserin, as well as TRP channel ligands, including capsaicin, curcumin, and eugenol, on the inflammatory response to TNF-α/INF-γ in human 3D EpiIntestinal tissue. In addition, the synergism between drug classes were tested to determine whether synergistic anti-inflammatory effects previously seen in cellular models [12] could be replicated within this 3D tissue model of inflammation. Due to biased agonism and ligand specificity [32], we hypothesized that psilocybin would prove to be the most efficacious single treatment and could provide synergistic benefits when paired with eugenol. The results of this study will expand our understanding on the purpose of 5-HT2A and TRP ligands in inflammation and provide guidance for designing novel anti-inflammatory therapeutics.




2. Materials and Methods


2.1. EpiIntestinal 3D Model and Inflammation Induction


An EpiIntestinal tissue model (SMI-100-FT-HCF ver 2.0, MatTek, Ashland, MA, USA) was used due to the 3D composition mimics the structure of brush borders, functional tight junctions, and mucous-secreting granules, similar to in vivo human small intestines. The 3D reconstructed tissue model contains primary, human cell-derived small intestine epithelial, endothelial cells and fibroblasts. It exhibits in vivo-like growth and morphological characteristics, whereby cells sustain differentiation and metabolic status similar to those of human intestinal epithelium [33].



To establish the TFN-α/IFN-γ induction of inflammation, 3D EpiIntestinal tissue was cultured according to the manufacturer’s instructions. Upon arrival, the 3D tissue was received and stored at 4 °C. On the same day as arrival, the 3D EpiIntestinal tissue was incubated in 5.0 mL of maintenance medium (SMI-100-MM, MatTek) in 6-well plates at a humidified atmosphere of 5% CO2. After 24 h of incubation, the EpiIntestinal 3D tissues were treated with 10 ng/mL TFN-α/IFN-γ (Sigma, Markham, ON, Canada) and dissolved in the maintenance media for 12 h. The protein levels of COX-2 (Figure S1) and GAPDH (Figure S2) were measured via Western blot to confirm the induction of inflammation and can be seen in Figure 1.




2.2. Treatment of EpiIntestinal 3D Tissue


To determine the anti-inflammatory properties of psilocybin (Sigma, Markham, ON, Canada), 4-AcO-DMT (ChemLogix, Burnaby, BC, Canada), ketanserin (TCI America, Portland, OR, USA), capsaicin (Sigma, Markham, ON, Canada), curcumin (Sigma, Markham, ON, Canada), and eugenol (Sigma, Markham, ON, Canada), EpiIntestinal 3D tissues were treated with 10 ng/mL TFN-α/IFN-γ alone or in combination with the indicated concentration of psilocybin, 4-AcO-DMT, ketanserin, capsaicin, curcumin, and eugenol either individually or in combination for 12 h. The doses utilized for psilocybin include: 0, 10, 20, and 40 μM. The doses utilized for 4-AcO-DMT include: 0, 20, and 40 μM. The doses used for ketanserin include: 0, 1, 5, and 10 μM. The doses used for curcumin include: 0, and 0.5 μM. The doses used for capsaicin include: 0 and 0.5 μM. The doses used for eugenol include: 0 and 25 μM.




2.3. Multiplex Enzyme-Linked Immunosorbent Assay (ELISA)


The media in which the tissues were grown in were analyzed. Samples were snap-frozen in liquid nitrogen and stored at −80 °C until utilized. Samples were submitted to and processed by Eve technologies (Calgary, AB, Canada) for testing. Among all cytokines analyzed, the following gave detectable signal GM-CSF, IFN-γ, IL-6, IL-8, MCP-1, and TNF-α within the detection range.



Eve Technologies Corp. (Calgary, AB, Canada) used Luminex xMAP technology for multiplexed quantification of 13 human cytokines, chemokines, and growth factors. The multiplexing analysis was performed using the Luminex™ 200 system (Luminex, Austin, TX, USA). Thirteen markers were simultaneously measured in the samples using Eve Technologies’ Human Focused 13-Plex Discovery Assay® (MilliporeSigma, Burlington, MA, USA), according to the manufacturer’s protocol. The 13-plex consisted of GM-CSF, IFNγ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-13, MCP-1, and TNF-α. The assay sensitivities of these markers ranged from 0.14 to 5.39 pg/mL for the 13-plex. Individual analyte sensitivity values are available in the MilliporeSigma MILLIPLEX® MAP protocol.




2.4. Whole Cellular Lysate Preparation and Western Blot Analysis


Three-dimensional tissue membranes were cut off with a surgical blade, placed in a 1.7 mL microtube containing 30 µL RIPA, and immersed in liquid nitrogen immediately. The whole cellular lysates of 3D tissues were prepared in RIPA buffer using 2.0 mm ZR BashingBead beads (Zymo Research, Irvine, CA, USA). Lysates were centrifuged at 12,000× g for 10 min. The supernatant was collected and stored at −80 °C until further use.



To quantify protein concentrations, the Bradford protein assay was performed via NanoDrop 2000/2000c Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Between 60 and 100 μg of protein per sample was electrophoresed on 8% or 10% SDS-PAGE and electrophoretically transferred to a PVDF membrane (Amersham Hybond™-P, GE Healthcare, Chicago, IL, USA) at 4 °C for 1.5 h. Blots were incubated for 1 h with 5% non-fat dry milk to block nonspecific binding sites and subsequently incubated at 4 °C overnight with a 1:1000 dilution of polyclonal antibody against COX-2 (Abcam, Cambridge, UK). Immunoreactivity was detected using a peroxidase-conjugated antibody and visualized by an ECL Plus Western Blotting Detection System (GE Healthcare, Chicago, IL, USA). The blots were stripped before re-probing with antibody against GAPDH (Abcam, Cambridge, UK). The densitometry of bands was measured and normalized with that of GAPDH using ImageJ.




2.5. Statistical Analysis


A one-way ANOVA followed by Dunnett’s post-hoc test was used to determine the statistical significance on all graphs with α = 0.05. Each experiment was performed a minimum of three times. Statistical analysis was performed on all samples that had a signal detected with a minimum of two samples. The results are represented by the mean and standard deviation (SD) of the mean. The mean and SD were calculated, analyzed, and plotted with GraphPad Prism 10.0.2 (GraphPad Software, San Diego, CA, USA). Fold changes were calculated by dividing the mean of the treatment by the mean of the control. Negative fold changes were calculated for all results less than 1. This was determined by taking the negative reciprocal of the fold change. Significance (p) was indicated within the figures using the following scale: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.





3. Results


3.1. Human 3D EpiIntestinal Tissue Exhibits Inflammation Characteristic of Inflammatory Bowel Disease


Human 3D EpiIntestinal tissue was treated with TNF-α/IFN-γ to induce an inflammatory response. At 12, 24, 48, and 72 h, the normalized densitometry of COX-2 protein level was measured relative to GAPDH (Figure 1) to determine the timeline of the inflammatory response of the 3D tissue to TNF-α/IFN-γ. After 12 h, relative COX-2 protein level was significantly higher than the control (p < 0.0001) and had the highest levels out of any timepoint (Figure 1). In addition, relative COX-2 levels were also significantly upregulated at 24 h (p < 0.0001, Figure 1A). In contrast, relative COX-2 levels were unaltered after 48 h and were significantly lower at 72 h compared to the control (p < 0.001, Figure 1A). Representative membranes of each timepoint were imaged and displayed in Figure 1B.




3.2. Psilocybin and Transient Receptor Potential Channel Agonists Decrease Inflammation in Human 3D EpiIntestinal Tissue


A combination of psilocybin and curcumin were applied to human 3D EpiIntestinal tissue to test the synergistic effects between these compounds on the inflammatory response induced by TNF-α/IFN-γ. Compared to the untreated group, the levels of TNF-α (p < 0.001, Figure 2A), IFN-γ (p < 0.0001, Figure 2B), IL-6 (p < 0.05, Figure 2C), IL-8 (p < 0.05, Figure 2D), MCP-1 (p < 0.05, Figure 2E), and GM-CSF (p < 0.0001, Figure 2F) were significantly upregulated in the TNF-α/IFN-γ group. Similarly, TNF-α (p < 0.001, Figure 2A), IFN-γ (p < 0.0001, Figure 2B), MCP-1 (p < 0.05, Figure 2E), and GM-CSF (p < 0.001, Figure 2F) were significantly higher in the TNF-α/IFN-γ group compared to the vehicle.



All treatment groups significantly lowered TNF-α (p < 0.001, Figure 2A) and IFN-γ levels (p < 0.001, Figure 2B) compared to the TNF-α/IFN-γ group. In contrast, only 20 μM of psilocybin resulted in significantly lower IL-6 (p < 0.05, Figure 2C) or IL-8 levels (p < 0.05, Figure 2D). No treatments significantly lowered MCP-1 levels; however, there appeared to be a trend where single treatment with 10 or 20 μM psilocybin appeared to lower MCP-1 levels compared to the TNF-α/IFN-γ group (p = N.S., Figure 2E). In contrast, 10 μM of psilocybin (p < 0.01), 20 μM of psilocybin (p < 0.0001), and the combination of 20 μM of psilocybin with 0.5 μM of curcumin (p < 0.01, Figure 2F) significantly lowered GM-CSF levels compared to the TNF-α/IFN-γ group. Out of all the treatments, the most effective treatment appeared to be 20 μM of psilocybin, which could significantly decrease TNF-α by −22.3×, IFN-γ by −33.7×, IL-6 by −2.5×, IL-8 by −1.5×, and GM-CSF by −6.2× compared to the TNF-α/IFN-γ group (Figure 2). Furthermore, psilocybin and curcumin co-treatment did not appear to have any synergistic anti-inflammatory effects.



Next, we tested the anti-inflammatory effects of psilocybin combined with capsaicin. TNF-α (p < 0.0001, Figure 3A), IFN-γ (p < 0.05, Figure 3B), IL-6 (p < 0.05, Figure 3C), MCP-1 (p < 0.05, Figure 3E), and GM-CSF (p < 0.001, Figure 3F) were significantly higher in the TNF-α/IFN-γ group compared to the untreated group or vehicle. However, IL-8 levels were not significantly altered in the TNF-α/IFN-γ group compared to the control (p = N.S., Figure 3D).



All single treatments of psilocybin or capsaicin and combination treatments resulted in significantly lower TNF-α (p < 0.0001, Figure 3A) IFN-γ (p < 0.05, Figure 3B), and IL-6 levels (p < 0.05, Figure 3C) compared to the TNF-α/IFN-γ group. However, no changes in any of the treatment groups were seen for either IL-8 (p = N.S., Figure 3D) or MCP-1 (p = N.S., Figure 3E). In contrast, 10 μM of psilocybin (p < 0.05), 10 μM of psilocybin combined with 0.5 μM of capsaicin (p < 0.05), and 20 μM of psilocybin (p < 0.001) significantly reduced GM-CSF levels compared to the TNF-α/IFN-γ group (Figure 3F). Once again, no synergistic effects were observed, and the strongest anti-inflammatory effects were seen when 20 μM of psilocybin was applied (Figure 3).



Next, we tested whether psilocybin and eugenol demonstrated synergistic anti-inflammatory effects on the inflammatory response seen in our 3D human EpiIntestinal inflammation model. Compared to the TNF-α/IFN-γ group, TNF-α (p < 0.0001, Figure 4A), IFN-γ (p < 0.001, Figure 4B), IL-6 (p < 0.05, Figure 4C), IL-8 (p < 0.05, Figure 4D), MCP-1 (p < 0.01, Figure 4E), and GM-CSF (p < 0.01, Figure 4F) were significantly higher in the TNF-α/IFN-γ group compared to the vehicle and untreated group.



While all treatments of psilocybin and/or eugenol significantly decreased TNF-α levels (p < 0.0001), the combination treatment of 20 μM of psilocybin and 25 μM of eugenol did not appear to be as effective in decreasing TNF-α levels compared to the TNF-α/IFN-γ group (p < 0.01, Figure 4A). Interestingly, single treatments of psilocybin resulted in the largest decrease in TNF-α levels (Figure 4A). Similar trends were seen in IFN-γ levels, whereby all treatments significantly reduced IFN-γ levels compared to the TNF-α/IFN-γ group (p < 0.001); however, the combination of psilocybin (20 μM) and eugenol (25 μM) did not appear to be as effective in lowering IFN-γ levels (p < 0.01, Figure 4B). Once again, the single treatments of psilocybin resulted in the largest decrease IFN-γ levels (Figure 4B). In contrast, IL-6 levels were only significantly lowered via treatment with 10 μM of psilocybin (p < 0.05), 25 μM of eugenol (p < 0.05), 20 μM of psilocybin (p < 0.01), and 40 μM of psilocybin (p < 0.01, Figure 4C) compared to the TNF-α/IFN-γ group. Similarly, IL-8 levels were only significantly lowered via treatment with 10 μM of psilocybin (p < 0.05), 25 μM of eugenol (p < 0.05), 20 μM of psilocybin (p < 0.01), 40 μM of psilocybin (p < 0.01, Figure 4C), as well as the combination of 40 μM of psilocybin and 25 μM of eugenol (p < 0.05, Figure 4D) compared to the TNF-α/IFN-γ group. Once again, none of the treatments significantly affected MCP-1 levels compared to the TNF-α/IFN-γ group (p = N.S., Figure 4E). Lastly, only 10 (p < 0.05) and 20 μM (p < 0.01) of psilocybin significantly decreased GM-CSF levels compared to the TNF-α/IFN-γ group (Figure 4F).



Once again, there was no obvious synergy between psilocybin and a TRP channel ligand, in this case, eugenol. Psilocybin alone demonstrated stronger or similar decreases in TNF-α and IFN-γ compared to psilocybin in combination with eugenol, except for 40 μM of psilocybin, which demonstrated larger decreases in the combination group. Similar to all of the previous TRP channel ligands tested, 20 μM of psilocybin appeared to have the most beneficial anti-inflammatory effects in the TNF-α/IFN-γ inflammatory response in 3D EpiIntestinal tissue with fold changes of −39.2× for TNF-α, −55.9× for IFN-γ, −2.5× for IL-6, −1.6× for IL-6, and −7.2× for GM-CSF (Figure 4).




3.3. 4-AcO-DMT and Eugenol Decrease Inflammation in Human 3D EpiIntestinal Tissue


Due to 4-AcO-DMT’s ease of synthesis and low cost, we tested whether 4-AcO-DMT would have anti-inflammatory effects on the inflammatory response seen in our 3D human EpiIntestinal inflammation model, and whether 4-AcO-DMT had synergistic effects with eugenol. TNF-α/IFN-γ-exposed 3D EpiIntestinal tissue had significantly higher TNF-α (p < 0.01, Figure 5A), IFN-γ (p < 0.001, Figure 5B), and IL-6 levels (p < 0.05, Figure 5C) compared to the untreated group and vehicle, while IL-8 was not significantly different (p = N.S., Figure 5D); in addition, MCP-1 (p < 0.01, Figure 5E) and GM-CSF (p < 0.05, Figure 5F) was significantly upregulated compared to the untreated group but not the vehicle (p = N.S.)



While all treatments significantly reduced TNF-α (p < 0.01, Figure 5A) and IFN-γ (p < 0.001, Figure 5B) compared to the TNF-α/IFN-γ group, only eugenol (25 μM) significantly lowered IL-6 levels (p < 0.05, Figure 5C). In contrast, none of the treatments significantly lowered IL-8 (p = N.S., Figure 5D), MCP-1 (p = N.S., Figure 5E), or GM-CSF (p = N.S., Figure 5F) compared to the TNF-α/IFN-γ group.



Interestingly, 25 μM of eugenol appeared to have the strongest anti-inflammatory effects seen in TNF-α/IFN-γ-exposed 3D EpiIntestinal tissue. Eugenol resulted in fold changes of −49.7× for TNF-α, −20.8× for IFN-γ, and −1.8× for IL-6. While 4-AcO-DMT did reduce TNF-α and IFN-γ, none of the treatments significantly reduced IL-6, and cumulatively did not have as strong as an effect compared to eugenol. In addition, 4-AcO-DMT and eugenol did not show superior results to eugenol alone, and therefore did not show synergism (Figure 5).




3.4. Ketanserin and Eugenol Decrease Inflammation in Human 3D EpiIntestinal Tissue


Since ketanserin has shown anti-inflammatory effects in other models, we decided to test the effects of ketanserin alone and in combination with eugenol in our human 3D EpiIntestinal tissue TNF-α/IFN-γ model. Surprisingly, no significant differences were seen in either TNF-α (p = N.S., Figure 6A), or IFN-γ (p = N.S., Figure 6B). For IL-6, the TNF-α/IFN-γ group has significantly higher levels than the untreated group (p < 0.01), and while the TNF-α/IFN-γ appeared higher than the vehicle, it was not significantly higher (p = N.S., Figure 6C). Furthermore, 1 μM of ketanserin and 25 μM of eugenol (p < 0.01), as well as 10 μM of ketanserin (p < 0.01, Figure 6C) significantly lowered IL-6 levels compared to the TNF-α/IFN-γ group. In contrast, no significant changes were seen between any groups for IL-8 (p = N.S., Figure 6D). While MCP-1 levels were significantly higher in the TNF-α/IFN-γ group compared to the untreated group (p < 0.05) and appeared to be higher than the vehicle (p = N.S.), none of the treatments significantly lowered MCP-1 levels; however, 10 μM of ketanserin appeared to lower MCP-1 levels compared to the TNF-α/IFN-γ group (p = N.S., Figure 6E). Similarly, GM-CSF levels were significantly higher in the TNF-α/IFN-γ group compared to the untreated group (p < 0.01) and appeared to be higher than the vehicle (p = N.S.). Although neither 1 μM of ketanserin nor 25 μM of eugenol significantly lowered GM-CSF levels (p = N.S.), the combination of 1 μM of ketanserin and 25 μM of eugenol (p < 0.01), 5 μM of ketanserin (p < 0.01), 5 μM of ketanserin and 25 μM of eugenol (p < 0.05), 10 μM of ketanserin (p < 0.01), 10 μM of ketanserin, and 25 μM of eugenol (p < 0.05, Figure 6F) significantly lowered GM-CSF levels compared to the TNF-α/IFN-γ group.



Out of all the ketanserin treatments, only 1 μM of ketanserin and 25 μM of eugenol, as well as 10 μM of ketanserin were able to significantly lower both IL-6 and GM-CSF (p < 0.01, Figure 6). Between the two, the 10 μM of ketanserin dose had larger effects with fold changes of −2.7× for IL-6 and −9.9× for GM-CSF (Figure 6). Furthermore, 1 μM of ketanserin and 25 μM of eugenol increased TNF-α levels 1.5× fold and IFN-γ levels 12.6× fold; however, these changes were not significant (p = N.S., Figure 6). Eugenol had the largest fold change of −37.3× for TNF-α and −55.6× for IFN-γ, but was not significant (p = N.S., Figure 6). Together, this would suggest that either eugenol or ketanserin alone would provide the best anti-inflammatory effects.





4. Discussion


In this study, we aimed to investigate the anti-inflammatory effects of select 5-HT2A and TRP channel ligands on the inflammatory response in human 3D EpiIntestinal tissue. To induce an inflammatory response, we used MatTek’s 3D intestinal tissue model, which has been extensively used to study inflammation as well as other diseases [33], and exposed the 3D EpiIntestinal tissue to 10 ng/mL of TNF-α/IFN-γ for different amounts of time to measure COX-2 induction, which has been previously shown to recapitulate an inflammatory response in 3D tissue [34,35].



COX-2, which is the inducible form of cyclooxygenase, was utilized to measure the inflammatory response as COX-2 is the key initiator of the inflammatory response in peripheral tissues by converting arachidonic acid into proinflammatory prostaglandins to regulate homeostatic functions, mediate pathogenic mechanisms, and importantly, to induce the production of other proinflammatory compounds [36,37]. After 12 h of 10 ng/mL of TNF-α/IFN-γ exposure, we were able to strongly upregulate the expression of COX-2 (Figure 1), and therefore utilized this concentration and timepoint to test the efficacy of 5-HT2A and TRP channel ligands as anti-inflammatory therapeutics.



Initially, we tested the efficacy of psilocybin combined with curcumin (Figure 2). While both TNF-α and IFN-γ were significantly higher, as measured by ELISA, all treatments significantly lowered TNF-α and IFN-γ levels (Figure 2A,B). No synergistic effects were seen between psilocybin and curcumin to reduce either TNF-α and IFN-γ levels; however, all treatments were able to significantly reduce levels of both cytokines (Table 1).



In previous studies, TNF-α overexpression in mice had been shown to result in the development of IBD pathologies like Crohn’s disease (CD), giving evidence for TNF-α as one of the causative factors in IBD pathogenesis [38]. Furthermore, TNF-α plays a prominent role in IBD and intestinal inflammation by regulating several cellular functions, including the synthesis of inflammatory mediators, cell proliferation, survival, and cell death. The largest decrease in fold change for TNF-α was when 0.5 μM of curcumin was exposed to the 3D tissue (Table 1). By decreasing TNF-α levels, IBD can be ameliorated.



IFN-γ has been suggested as a possible mediator in CD in a synergistic combination with TNF-α [39]. IFN-γ activates JAK1 and JAK2, which in turn activates STAT1 and consequent cellular responses [40]. Additionally, IFN-γ may cause cytotoxicity in intestinal epithelial cells (IECs), including apoptosis and necroptosis [41,42,43]. High IFN-γ and raised STAT1 activity is usually caused by CD lesions [44,45,46]. The synergistic effect of IFN-γ and TNF-α contributes to IEC death and epithelial barrier breakdown [47,48]. STAT1 emerges as a crucial mediator driving IEC death produced by the additive actions of IFN-γ and TNF-α. Furthermore, JAK1 and JAK2 have been identified as the primary drivers of IEC death induced by the combined action of IFN-γ and TNF-α [35]. In our first experiment, 20 μM of psilocybin provided the largest decrease in IFN-γ levels with a −25.8× fold change (Table 1), suggesting that psilocybin alone can better reduce and prevent the downstream signaling of IFN-γ.



Next, we looked at IL-6 levels (Figure 2D). IL-6 is a pro-inflammatory cytokine that forms a soluble complex with its receptor to induce the synthesis of acute phase reactants and promotes the development of inflammatory processes [49]. Studies have found that in animal models of chronic intestinal inflammation, inhibiting the IL-6 trans-signaling pathway has shown therapeutic promise [50]. While TNF-α/IFN-γ treatment significantly increased IL-6 levels, only 20 μM of psilocybin reduced IL-6 levels. Curcumin appeared to have no effect on IL-6 levels. While some in vitro studies have shown that curcumin is able to reduce IL-6 levels [51], a recent meta-analysis has shown that the oral consumption of curcumin does not affect the circulating levels of IL-6 [52].



Similarly, IL-8 levels were shown to be increased in the TNF-α/IFN-γ treatment group and only 20 μM of psilocybin ameliorated IL-8 levels (Figure 2D). Particularly, neutrophils produce a large quantity of IL-8 in the presence of ulcerated and inflammatory mucosa. In situ hybridization and immunohistochemistry studies demonstrated that macrophages are the key producers of IL-8 in ulcerated tissue associated with IBD. Additionally, the CD14 marker expression is directly linked to macrophage IL-8 production in IBD. Usually, CD14 is not present in intestinal macrophages; however, it appears in a higher number of cells in IBD, signaling that monocytes have recently been imported from the circulation [35]. Similarly, IL-8 is not decreased in humans after the consumption of curcumin [52]. Surprisingly, circulating IL-8 levels are actually higher after curcumin exposure [52].



While MCP-1 levels were significantly increased in the TNF-α/IFN-γ treatment group compared to the controls, none of the psilocybin and/or curcumin treatments significantly lowered MCP-1 levels compared to TNF-α/IFN-γ group (Figure 2E). However, both single doses appeared to lower MCP-1 levels by −1.5× or −1.9× fold for 10 and 20 μM of psilocybin, respectively (p = N.S., Table 1). MCP-1 functions to attract monocytes and macrophages to inflamed tissue and is generated by both intestinal epithelial cells and resident macrophages. As a result, MCP-1 alters the makeup of resident macrophages and may impact dendritic cell and T cell development [53]. While psilocybin does appear to reduce MCP-1 levels and thus prevent macrophage recruitment, curcumin does not appear to have any effects, and may even blunt the effect shown by psilocybin (p = N.S., Figure 2E). This is a surprising finding as curcumin is known to inhibit MCP-1 production by blocking the protein kinase C-mediated activation of ERK and NF-κB signaling in many monocytes and macrophages cell lines [54,55]. However, our 3D tissue model does not include any immune cells, and potentially, these effects are not seen on epithelial intestinal cells.



Lastly, we measured GM-CSF levels in response to various levels of psilocybin and/or curcumin after inflammatory-induction with TNF-α/IFN-γ. GM-CSF has been discovered as a crucial regulator of intestinal macrophage activation in individuals with IBD and animals with DSS-induced colitis [56]. GM-CSF promotes the development and orientation of inflammatory intestinal macrophages and can also decrease wound repair transcriptional programs. Notably, during intestinal inflammation, GM-CSF is largely generated by group 3 inborn lymphoid cells (ILC3s), and a substantial positive connection has been established between ILC or CSF2 transcripts and M1 macrophage profiles in IBD mucosal biopsies [57]. Interestingly, psilocybin significantly lowered GM-CSF levels compared to the TNF-α/IFN-γ group at both 10 and 20 μM doses by −1.6× (p < 0.01) and −6.2× fold (p <0.0001, Table 1), respectively. To the best of our knowledge, no other studies have shown that psilocybin can alter GM-CSF levels; however, the stimulation of serotonin signaling during inflammation has been shown to inhibit GM-CSF in a P38- and PI3K-dependent pathway [58]. Presumably, psilocybin would act through a similar mechanism.



In our next experiment, we tested psilocybin and capsaicin, both as single treatments and as co-treatment for synergistic effects. Capsaicin alone significantly reduced TNF-α levels by −28.8×, IFN-γ by −74.9×, and IL-6 levels by −1.8× fold, while IL-8, MCP-1, and GM-CSF levels were not affected (Table 1). This is in line with our previous study in human small intestinal epithelial cells (HSIEC), which showed that capsaicin is able to inhibit TNF-α production [12] and previous studies showing capsaicin reduced TLR/NFκB-mediated TNF-α production [59]. In addition, we demonstrated here that capsaicin can reduce IFN-γ, and IL-6 levels, which has not been shown before. This builds on previous studies that have shown the anti-inflammatory effects of capsaicin in human colon cancer cell lines [60] and porcine epithelial cell lines [59]. Interestingly, we did not see any major effects of IL-8 levels, which was inhibited, albeit minimally, in previous studies utilizing an LPS-induced inflammatory response in porcine epithelial cells [59]. While capsaicin has been shown to inhibit MCP-1 levels in macrophages through TRPV1 activation [61,62], these effects are not seen here in our study or other studies investigating the inflammatory responses of epithelial cells [63].



Compared to psilocybin, capsaicin appeared to be either equally effective or less effective in reducing IFN-γ, IL-6, TNF-α, and GM-CSF levels (Table 1). Furthermore, when paired together, their effects appeared blunted or equal to treatment with psilocybin at the same dose. Due to these findings, psilocybin appears to be a more effective treatment for IBD than capsaicin.



Next, we tested the efficacy of psilocybin and eugenol to prevent the inflammatory response induced by TNF-α/IFN-γ. While our previous studies have demonstrated psilocybin and eugenol have synergistic effects on COX-2 and IL-6 within HSIEC in vitro [12], as well as synergistic effects on reducing COX-2 and IL-6 levels within the LPS-induced murine brain inflammation [22], in this study, we only saw synergistic effects at the highest dose of psilocybin (40 μM) combined with eugenol (25 μM) (Table 1). With the combined treatment of psilocybin (40 μM) and eugenol (25 μM), there was a fold change of −21.0× and −62.5× for TNF-α and IFN-γ, respectively, which was superior to both psilocybin’s induced fold changes of −13.7× and −9.5×, or eugenol’s induced fold changes of −8.8× and −17.0× for TNF-α and IFN-γ, respectively (Table 1). While these data may initially be promising, it is important to note that lower doses of psilocybin appear to have more beneficial results. When treated with 10 or 20 μM of psilocybin, there was a much larger decrease in TNF-α levels, while IL-6 and GM-CSF levels were also decreased, which was not seen in the combination of psilocybin and eugenol (Table 1). Once again, the dose that appeared to have the strongest anti-inflammatory effects in our model was psilocybin at a dose of 20 μM (Table 1).



In both our previous in vitro and in vivo studies testing psilocybin and eugenol [61,62], we noted synergistic effects in IL-6, but no signs of synergistic effects were seen here. Psilocybin acts primarily through the 5-HT2A receptor, likely acting through Gαq/11, Gαi/o, and/or β-arrestin-2 to inhibit NF-κB signaling [64,65,66]. In contrast, eugenol can interact with TRPV1 to induce CaMKK2 signaling [67], which suppresses chemokine production in multiple myeloid subsets [68]. Due to the different mechanisms of action and previous studies, we believed there would be synergistic effects between eugenol and psilocybin, making the results shown here surprising. However, the lack of any synergistic effects could be due to the model used. Importantly, 3D in vitro models are known to be more resistant to pharmaceutical treatments then monolayer cells, and the higher doses required to see synergistic effects on TNF-α and IFN-γ could be due to this phenomenon [69]. Potentially, at higher doses, a synergistic effect would be seen between psilocybin and eugenol on IL-6 levels. It is difficult to predict which model would more accurately represent what would occur in vivo in humans.



Since psilocybin did not appear to have any synergistic effects with either curcumin, capsaicin, or eugenol, we decided to test whether 4-AcO-DMT could synergistically inhibit the inflammatory response in our 3D EpiIntestinal tissue model. The 5-HT2A receptor exhibits biased agonism that can result in ligand-specific effects due to different receptor binding pockets [70] and downstream signaling [71]. As such, it is possible that ligands other than psilocybin can produce synergistic effects with eugenol. We chose not to test capsaicin or curcumin due to their limited ability in altering IL-6, IL-8, MCP-1, or GM-CSF levels (Table 1). Furthermore, 4-AcO-DMT is an acetylated form of psilocin and can be inexpensively synthesized; therefore, if 4-AcO-DMT presents similar anti-inflammatory results, 4-AcO-DMT could be used instead of psilocybin.



Our results show 4-AcO-DMT only significantly affects TNF-α and IFN-γ levels; however, it did not significantly affect IL-6, IL-8, MCP-1, or GM-CSF (Table 1). As such, psilocybin would likely be a better potential therapeutic than 4-AcO-DMT. Similar results were seen in our previous monolayer cell model [12]. Due to limited studies on 4-AcO-DMT, the difference in signaling induced by psilocybin and 4-AcO-DMT is not known; however, the difference is likely due to the biased signaling which is a result of the extended binding pocket that has a strong affinity for psilocybin [11,70]. Furthermore, no synergistic effects were seen between 4-AcO-DMT and eugenol.



Next, we tested potential synergies between ketanserin and eugenol. Ketanserin is a selective antagonist of the 5-HT2A and has been shown to inhibit M2 macrophage polarization, migration, and NF-κB activation, resulting in ameliorated intestinal mucosa architecture [14]. Ketanserin’s anti-inflammatory effects are known to be mediated through MEK/ERK signaling to reduce nitrosative stress and inhibit IL-6 production [72], likely through Stat3 signaling [73]. In our study, IL-6 levels were significantly reduced by ketanserin at 10 μM (Table 1). Furthermore, 1 μM of ketanserin combined with 25 μM of eugenol has a fold change of −2.5× and −4.4× for IL-6 and GM-CSF, respectively (Table 1). As neither treatment with eugenol (25 μM) nor ketanserin (1 μM) alone resulted in significant decreases in either IL-6 or GM-CSF, this could suggest ketanserin and eugenol synergistically pair to reduce IL-6 and GM-CSF levels. In contrast, none of the treatments resulted in a significant decrease in TNF-α, IFN-γ, IL-8, or MCP-1 levels (Table 1). While ketanserin is known to reduce pro-inflammatory cytokines by inhibiting 5-HT2A signaling, these affects are primarily mediated through monocytes and macrophages [72,74,75], and are therefore in alignment with our data.



In contrast, little is known about ketanserin’s effect on GM-CSF. One study has shown serotonin signaling has induced GM-CSF, which was inhibited by ketanserin in megakaryocyte cells [76]. In contrast, the selective serotonin receptor uptake inhibitor, fluoxetine, has shown pleiotropic effects on GM-CSF. Under physiological conditions, fluoxetine-induced GM-CSF production in macrophages, whereas when stimulated with LPS, fluoxetine, which increases serotonin signaling, completely stopped GM-CSF production through 5-HT2B activation [58,77]. This is contradictory to our findings; however, our model does not include macrophages. Potentially, these differences in response to serotonin signaling are due to different cell types being tested.



Previous studies have shown psychedelic mushroom extracts have similar anti-inflammatory effects. Ethanol extracts of Psilocybe natalensis were shown to reduce LPS-induced nitric oxide production and increase cell viability in RAW 264.7 murine macrophages [7]. Furthermore, both water and ethanol extracts reduced prostaglandin, TNF-α, and IL-1β production [7]. In contrast, only the water extracts reduced IL-10 production [7]. In addition, four psychedelic mushroom water extracts, including Panaeolus cyanescens, Psilocybe natalensis, Psilocybe cubensis, and Psilocybe cubensis leucistic A+ strain, were tested on human U937 macrophage cells [8]. While all strains reduced TNF-α and IL-1β levels, only the P. cubensis A+ strain reduced COX-2 levels, and only P. natalensis and P. cubensis reduced IL-6 levels in LPS-induced human macrophages [8]. While our study did not utilize psychedelic mushroom extracts, we similarly saw large decreases in multiple inflammatory cytokines, growth factors, and chemokines (Table 1). Furthermore, our data adds that these effects are not just on macrophages but also show the ability to reduce the inflammatory response seen in epithelial intestinal cells, while also showing the active ingredient in psychedelic mushroom extracts, psilocybin, can lower MCP-1 and GM-CSF production. The effects of psychedelic mushrooms may be compounding in IBD as the inflammatory response in epithelial cells are inhibited, the production of chemoattractants is reduced, and any recruited macrophages would be inhibited as well. Together, this suggests psilocybin or psychedelic mushroom extracts could play a significant role in IBD therapeutics. Further research should determine whether the use of psychedelic mushroom extracts or psilocybin is more efficacious.



While psilocybin mushroom extracts and psilocybin provide potent anti-inflammatory effects, it is important to note that the exact mechanism has not been determined. Although the anti-inflammatory effects of psychedelic mushroom extracts are attributed to psilocybin, there are likely other compounds in psychedelic mushrooms that affect inflammatory responses. Furthermore, the exact mechanism of how psilocybin inhibits the inflammatory response in epithelial cells is currently unknown. The effects of psilocybin are likely mediated through 5-HT2A, but could also be influenced by other receptors known to be affected by psilocybin, including 5-HT2B, 5-HT2C, or 5-HT1A [78]. The most plausible signaling of psilocybin involves the biased activation of the 5-HT2A receptor resulting in β-arrestin2-dependent signaling, which negatively regulates NF-κB [65,66]. However, recent evidence indicates that some effects may be mediated through glucocorticoid signaling pathways [79].



It is important to note that there has been an increasing number of studies exploring the potential of serotonin receptor ligands as anti-inflammatory agents. This is partly due to approximately 95% of all serotonin produced within the body is synthesized by enterochromaffin cells, which are found in the intestines and regulate gut microbiota [80]. Within the gut, serotonin is known to modulate gut motility, secretion, metabolic homeostasis, and intestinal permeability, while the role in inflammation and inflammatory diseases is still developing [80,81]. Specifically, the regulation of the intestinal barrier and gut microbiota can be tied to the serotonergic activation of immune cells [82], but only 5-HT1, 5-HT3, and 5-HT4 receptors have been thoroughly studied [83]. The few studies that have examined the 5-HT2A receptor has been limited to specific ligands, including (R)-DOI, which has different binding than psilocybin to 5-HT2A [11,70]. Nevertheless, (R)-DOI could significantly reduce TNF-induced mcp-1, il-6, and il-1beta transcripts [84]. In addition, knockout of the htr2b gene which encodes the 5-HT2B receptor demonstrated 5-HT2B prevents the development of colitis, suggesting the activation of the 5-HT2B receptor could help prevent IBD [85]. Due to these promising findings, further research should determine the role of the 5-HT2 receptors in regulating inflammation and IBD with special emphasis on the effects of psilocybin.



While the current study displays the effects of a wider range of pro-inflammatory cytokines, chemokines, and growth factors, there are still limitations to this study. Previous research has focused on cellular models [9,12], and while this study utilized 3D tissue, in vivo animal models are required to test and analyze inflammation, which is a systemic process. The current study does not take into account how various other immune cells will act on the intestinal epithelium and modulate the effects of psilocybin and other compounds. Furthermore, this model creates an inflammatory response utilizing TNF-α/IFN-γ; however, numerous cytokines and interconnecting signaling pathways between intestinal epithelial cells and immune cells determine the effects of psilocybin and other potential therapeutics on inflammation and IBD [86]. In addition, due to the marked biased agonism at the 5-HT2A receptor, testing other ligands and various timepoints should be carried out as the effects cannot be generalized [12,70].



There are legitimate health concerns regarding using psychedelics as therapeutics due to the hallucinogenic effects of psychedelics and the unknown long-term effects. Importantly, the acute and even long-term effects of infrequent psilocybin use have been shown to be minimal when the set and setting is controlled [87,88]. When discussing the use of psilocybin for IBD, non-hallucinogenic doses can be used; however, frequent doses would likely be utilized as the effects are acute. The frequent use of sub-hallucinogenic doses has become increasingly popular, which is known as microdosing; however, the long-term effects are not known. Furthermore, while adverse health effects are rarely reported, multiple authorities recognize the need to study the safety of microdosing as this would result in the consistent modulation of serotonergic signaling [89,90,91]. While both microdosing and selective serotonin reuptake inhibitors (SSRI) effect the 5-HT signaling pathways, their actions are markedly different, and therefore, making generalizations about the lack of safety contraindications and side effects of SSRI’s compared to microdosing is currently unfounded [92]; however, future studies are required to understand the exact effects and potential long term consequences.



Concerns regarding the safety and tolerability of psychedelics have been the subject of recent reviews [93,94]. Despite common opinion, psilocybin has not been shown to be neurotoxic with either enteral or parenteral administration [95]. Furthermore, the clinical dose of 25 mg is well below the calculated LD50, which is over 2 g/kg [95]. In contrast, there is reason to believe psilocybin can be harmful to the cardiovascular system. Both excess serotonin (e.g., carcinoid tumors) and prolonged exposure to drugs with high agonist functional activity at the 5-HT2B receptor are known to increase myofibroblast mitogenesis and glycosaminoglycan deposition within heart valves. This profibrotic process interferes with normal valvular function, leading to a thickening of cardiac valve leaflets, subvalvular apparatus, and the impaired motion of one or more valves, as diagnosed by echocardiography [96]. This has included FDA-approved drugs like ergotamine for migraine headaches, pergolide for Parkinson’s disease, and cabergoline for hyperprolactinemia due to off-target 5-HT2B agonist activity [97]. Due to the agonism of 5-HT2B receptors in the cardiac valvulae being correlated with valvular heart disease (VHD), the FDA has issued a First Draft Guidance on Clinical Trials with Psychedelic Drugs emphasizing the importance of evaluating the association of VHD with psychedelic drug exposure [97].



Importantly, psilocin has been shown to bind to multiple receptors, including 5-HT2C, 5-HT1A, and monoamine transporters [98]; however, the binding properties of psilocin to 5-HT2B is currently unknown. Due to the binding of similar tryptamine analogues, psilocin is predicted to be a weak agonist of the 5-HT2B receptor [99]. While the EC50 for psilocin binding to 5-HT2B has not been calculated, it is known to be higher than 20 μM [98]. As the oral clinical dose (25 mg) has been shown to have a mean maximal psilocin blood concentration of 3.82 nM [100], it is unlikely that physiological levels of psilocin induce much of an effect on 5-HT2B, if any. However, it is still imperative for future psychedelic treatments to rule out any association between psilocybin use and VHD in clinical trials prior to adoption as a therapeutic.



Furthermore, the use of psilocybin for IBD also presents potential limitations and side effects. While psilocybin shows promise for IBD, as it has been shown to be a potent anti-inflammatory at sub-hallucinogenic doses [9], there are potential side effects within the intestines. Serotonin is an important signaling molecule and is known to be involved in intrinsic reflexes, epithelial secretion, and vasodilation within the gut [101]. Specifically, 5-HT2A is found in smooth muscle cells, neurons, enterocytes, and Paneth cells. Moreover, 5-HT2A agonism supports the motility and maintenance of cells populations and enteric functions [102]. Due to serotonin signaling modulating intestinal motility and secretion, utilizing psilocybin as an anti-inflammatory in IBD could result in gastrointestinal discomfort. Furthermore, serotonin signaling in the gut is not fully known, and therefore, a wide range of unknown side effects could occur. Clinical trials should test the efficacy and possible side effects of psilocybin in IBD.



While studying the effects of ketanserin is interesting from a scientific perspective to better understand 5-HT2A signaling, the use of ketanserin as an IBD therapeutic is unlikely. Ketanserin is used to manage preeclampsia, treat hypertension, and chronic ulcers; however, now there are known adverse effects of ketanserin. This includes prolonging the cardiac QT interval, which results in cardiac arrythmias [15]; causing fatigue; headaches; insomnia; and dyspepsia [16], as well as orthostatic hypotension [17]. Due to these adverse effects, the clinical use of ketanserin as an anti-inflammatory for IBD is likely contraindicated.



In addition, capsaicin has shown great promise in cellular models of inflammation; however, in vivo, capsaicin appears to worsen IBD. A recent study has shown that orally consumed capsaicin reduced Firmicutes and increased Bacteroides, which caused intestinal permeability and endotoxemia. Due to the effects of capsaicin being modulated by the gut’s microbiota, oral in vivo use of capsaicin exacerbates inflammation, instead of improving conditions [103]. Furthermore, even low doses of capsaicin can result in cell cytotoxicity [12], while unpleasant side effects at doses as low as 10 mg can induce intestinal cramping and discomfort [31].



In contrast, TRP ligands curcumin and eugenol do not have adverse reactions that would limit their use. Curcumin’s acceptable daily intake is up to 3 mg/kg of body weight [26], while eugenol has been declared by WHO to be generally recognized as safe and non-mutagenic. Unfortunately, no synergistic effects were seen with serotonergic receptors ligands within this study; however, there may be synergistic effects in vivo as curcumin and eugenol are known to act on macrophages [23,104].




5. Conclusions


This study has systematically tested the effects of serotonin receptor ligands, psilocybin, 4-AcO-DMT, and ketanserin, paired with TRP channel ligands, capsaicin, curcumin, and eugenol on the TNF-α/IFN-γ-induced inflammatory response within 3D EpiIntestinal tissue. While minimal synergistic effects were seen between 5-HT2A and TRP channel ligands, this study has provided evidence that psilocybin and eugenol can lower TNF-α, IFN-γ, IL-6, IL-8, MCP-1, and GM-CSF in a human 3D EpiIntestinal model. Future studies should further test these compounds as they may provide potent anti-inflammatory effects in human inflammatory diseases, including inflammatory bowel disease.
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Figure 1. Time-course of COX-2 protein levels from 0 to 72 h after induction of an inflammatory response by treatment with TNF-α/IFN-γ in human 3D EpiIntestinal tissue. (A) Normalized densitometry of COX-2 protein levels compared to GAPDH. (B) Membranes of COX-2 and GAPDH. Original blots can be found in Figures S1 and S2 within the supplementary materials. Bars represent the mean ± SD. Data were analyzed with a one-way ANOVA test and a Dunnett’s post hoc multiple comparison test compared to the 0 h group. Significance is indicated within the figures using the following scale: *** p < 0.001, **** p < 0.0001. 
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Figure 2. Psilocybin and curcumin combinations alter protein levels of inflammatory cytokines, chemoattractants, and growth factors in human 3D EpiIntestinal tissue. Protein levels measured via ELISA for (A) TNF-α, (B) IFN-γ, (C) IL-6, (D) IL-8, (E) MCP-1, and (F) GM-CSF. Bars represent the mean ± SD. Data were analyzed with a one-way ANOVA test and Dunnett’s post hoc multiple comparison test compared to the TFN-α/IFN-γ group. Significance is indicated within the figures using the following scale: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Cur, curcumin; Psi, psilocybin. 
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Figure 3. Psilocybin and capsaicin combinations alter protein levels of inflammatory cytokines, chemoattractants, and growth factors in human 3D EpiIntestinal tissue. Protein levels measured via ELISA for (A) TNF-α, (B) IFN-γ, (C) IL-6, (D) IL-8, (E) MCP-1, and (F) GM-CSF. Bars represent the mean ± SD. Data were analyzed with a one-way ANOVA test and Dunnett’s post hoc multiple comparison test compared to the TFN-α/IFN-γ group. Significance is indicated within the figures using the following scale: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Cap, capsaicin; Psi, psilocybin. 
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Figure 4. Psilocybin and eugenol combinations alter protein levels of inflammatory cytokines, chemoattractants, and growth factors in human 3D EpiIntestinal tissue. Protein levels measured via ELISA for (A) TNF-α, (B) IFN-γ, (C) IL-6, (D) IL-8, (E) MCP-1, and (F) GM-CSF. Bars represent the mean ± SD. Data were analyzed with a one-way ANOVA test and Dunnett’s post hoc multiple comparison test and compared to the TFN-α/IFN-γ group. Significance is indicated within the figures using the following scale: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Eug, eugenol; Psi, psilocybin. 






Figure 4. Psilocybin and eugenol combinations alter protein levels of inflammatory cytokines, chemoattractants, and growth factors in human 3D EpiIntestinal tissue. Protein levels measured via ELISA for (A) TNF-α, (B) IFN-γ, (C) IL-6, (D) IL-8, (E) MCP-1, and (F) GM-CSF. Bars represent the mean ± SD. Data were analyzed with a one-way ANOVA test and Dunnett’s post hoc multiple comparison test and compared to the TFN-α/IFN-γ group. Significance is indicated within the figures using the following scale: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Eug, eugenol; Psi, psilocybin.
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Figure 5. Eugenol and 4-AcO-DMT combinations alter protein levels of inflammatory cytokines, chemoattractants, and growth factors in human 3D EpiIntestinal tissue. Protein levels measured via ELISA for (A) TNF-α, (B) IFN-γ, (C) IL-6, (D) IL-8, (E) MCP-1, and (F) GM-CSF. Bars represent the mean ± SD. Data were analyzed with a one-way ANOVA test and Dunnett’s post hoc multiple comparison test compared to the TFN-α/IFN-γ group. Significance is indicated within the figures using the following scale: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 4-AcO-DMT, 4-acetoxy-N,N-dimethyltryptamine; Eug, eugenol. 






Figure 5. Eugenol and 4-AcO-DMT combinations alter protein levels of inflammatory cytokines, chemoattractants, and growth factors in human 3D EpiIntestinal tissue. Protein levels measured via ELISA for (A) TNF-α, (B) IFN-γ, (C) IL-6, (D) IL-8, (E) MCP-1, and (F) GM-CSF. Bars represent the mean ± SD. Data were analyzed with a one-way ANOVA test and Dunnett’s post hoc multiple comparison test compared to the TFN-α/IFN-γ group. Significance is indicated within the figures using the following scale: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 4-AcO-DMT, 4-acetoxy-N,N-dimethyltryptamine; Eug, eugenol.
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Figure 6. Ketanserin and eugenol combinations alter protein levels of inflammatory cytokines, chemoattractants, and growth factors in human 3D EpiIntestinal tissue. Protein levels measured via ELISA for (A) TNF-α, (B) IFN-γ, (C) IL-6, (D) IL-8, (E) MCP-1, and (F) GM-CSF. Bars represent the mean ± SD. Data were analyzed with a one-way ANOVA test and a Dunnett’s post hoc multiple comparison test compared to the TFN-α/IFN-γ group. Significance is indicated within the figures using the following scale: * p < 0.05, ** p < 0.01. Eug, eugenol; Ket, ketanserin. 






Figure 6. Ketanserin and eugenol combinations alter protein levels of inflammatory cytokines, chemoattractants, and growth factors in human 3D EpiIntestinal tissue. Protein levels measured via ELISA for (A) TNF-α, (B) IFN-γ, (C) IL-6, (D) IL-8, (E) MCP-1, and (F) GM-CSF. Bars represent the mean ± SD. Data were analyzed with a one-way ANOVA test and a Dunnett’s post hoc multiple comparison test compared to the TFN-α/IFN-γ group. Significance is indicated within the figures using the following scale: * p < 0.05, ** p < 0.01. Eug, eugenol; Ket, ketanserin.
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Table 1. Summary of fold changes of TNF-α, IFN-γ, IL-6, IL-8, MCP-1, and GM-CSF for each treatment of psilocybin, 4-AcO-DMT, ketanserin, capsaicin, curcumin, and eugenol compared to the TNF-α/IFN-γ-exposed 3D EpiIntestinal tissue.






Table 1. Summary of fold changes of TNF-α, IFN-γ, IL-6, IL-8, MCP-1, and GM-CSF for each treatment of psilocybin, 4-AcO-DMT, ketanserin, capsaicin, curcumin, and eugenol compared to the TNF-α/IFN-γ-exposed 3D EpiIntestinal tissue.





	Treatment
	TNF-α
	IFN-γ
	IL-6
	IL-8
	MCP-1
	GM-CSF





	TNF/IFN + 10 μM Psi
	−55.0× ****
	−16.7× *
	−1.9× *
	−1.4× *
	−1.5×
	−2.0× *



	TNF/IFN + 25 μM Eug
	−8.8× ****
	−17.0× *
	−1.7× *
	−1.3× *
	−1.1×
	1.0×



	TNF/IFN + 10 μM Psi + 25 μM Eug
	−6.9× ****
	−11.5× **
	−1.5×
	−1.3×
	1.2×
	−1.4×



	TNF/IFN + 0.5 μM Cur
	−48.2× ***
	−23.2× ***
	−1.4×
	−1.2×
	−1.0×
	−1.1×



	TNF/IFN + 10 μM Psi + 0.5 μM Cur
	−30.7× ***
	−21.7× ***
	−1.3×
	−1.2×
	1.1×
	1.2×



	TNF/IFN + 0.5 μM Cap
	−28.8× ****
	−74.9× *
	−1.8× *
	−1.2×
	−1.2×
	−1.3×



	TNF/IFN + 10 μM Psi + 0.5 μM Cap
	−13.2× ****
	−196.9× **
	−1.8× *
	−1.2×
	1.2×
	−1.8× *



	TNF/IFN + 20 μM Psi
	−39.2× ****
	−55.9× *
	−2.5× **
	−1.6× **
	−2.0×
	−7.2× ***



	TNF/IFN + 20 μM Psi + 25 μM Eug
	−2.2× ****
	−2.5× *
	−1.7×
	−1.2×
	1.2×
	−1.4×



	TNF/IFN + 20 μM Psi + 0.5 μM Cur
	−3.8× ***
	−13.6× ***
	−1.7×
	−1.3×
	−1.4×
	−2.0× **



	TNF/IFN + 20 μM Psi + 0.5 μM Cap
	−5.8× ****
	−9.0× *
	−1.6× *
	−1.0×
	−1.0×
	−1.6×



	TNF/IFN + 40 μM Psi
	−13.7× ****
	−9.5× *
	−1.8× *
	−1.4× *
	−1.2×
	−1.3×



	TNF/IFN + 40 μM Psi + 25 μM Eug
	−21.0× ****
	−62.5× *
	−1.3×
	−1.3× *
	−1.6×
	−1.5×



	TNF/IFN + 40 μM Psi + 0.5 μM Cap
	−20.0× ****
	−36.7× *
	−1.7× *
	−1.1×
	1.1×
	1.0×



	TNF/IFN + 20 μm 4-AcO-DMT
	−17.5× ***
	−17.9× ***
	−1.4×
	−1.2×
	−1.0×
	1.1×



	TNF/IFN + 25 μM Eug
	−49.7× ***
	−20.8× ****
	−1.8× *
	−1.1×
	−1.6×
	−1.9×



	TNF/IFN + 20 μm 4-AcO-DMT + 25 μm Eug
	−30.0× ***
	−10.6× ***
	−1.6×
	−1.1×
	1.0×
	−1.8×



	TNF/IFN + 40 μm 4-AcO-DMT
	−5.9× **
	−36.0× ****
	−1.4×
	−1.2×
	1.0×
	−1.7×



	TNF/IFN + 40 μm 4-AcO-DMT + 25 μm Eug
	−8.8× **
	−30.6× ****
	−1.7×
	−1.3×
	−1.4×
	−1.1×



	TNF/IFN + 1 μM Ket
	−3.6×
	−9.7×
	−1.5×
	−1.2×
	−1.0×
	−1.9×



	TNF/IFN + 25 μM Eug
	−37.3×
	−55.6×
	−1.6×
	−1.1×
	−1.2×
	−1.5×



	TNF/IFN + 1 μM Ket + 25 µM Eug
	1.5×
	12.6×
	−2.5× **
	−1.5×
	1.5×
	−4.4× **



	TNF/IFN + 5 μM Ket
	−2.1×
	−2.2×
	−1.6×
	−1.2×
	−1.6×
	−3.1× *



	TNF/IFN + 5 μM Ket + 25 µM Eug
	−1.9×
	−1.2×
	−1.7×
	−1.2×
	−1.5×
	−2.6× *



	TNF/IFN + 10 μM Ket
	−8.8×
	−7.8×
	−2.7× **
	−1.3×
	−2.8×
	−9.9× **



	TNF/IFN + 10 μM Ket + 25 µM Eug
	1.4×
	3.7×
	−1.6×
	−1.1×
	−1.3×
	−2.8× *







Note: Statistical analysis corresponds to significance in Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6: one-way ANOVA followed by Dunnett’s post hoc test compared to TNF-α/IFN-γ group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 4-AcO-DMT, 4-acetoxy-N,N-dimethyltryptamine; Cap, capsaicin; Cur, curcumin; Eug, eugenol; Ket, ketanserin; Psi, psilocybin.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
(A) TNF-0 (C) IL-6 (E) MCP-1

TNF-a(pg/mL)

% %k %k
%%k %k
% %k %
*
kkkk  kxkxk
*
1000 - sokkk KKk 2000- 2000~ —
— — * £ 3
800+ i
~ 1500+ 7:" 1500
600 E \2
2 1000- = 1000-
400- = T
k' %)
200+ = 500- S 500-
0_ 0_ 0_
& «\‘(“\éqe & Qg\@(’& & o q\\“‘\\s‘zg o & \\SQ < & s
0
e e Qx Qe éx e \\ \X
PAEIIRMIPANK & Q‘\ Q* \<< Q?
STESHSS S S E
N v ,\Q D
S S x *
Q\\Q Q\« Q\<<é 4{<\<<\k
S & $
* oK K
¢ 3k ok 5k *k
*ok K *okkk kK
*okkk kKK * %k * K %k
150  —— 10,000+ " " 50 -
kkkk kkk
~ — e __ 8000~ - 40-
£ 100- TEI ?Em
S £ 60004 -y
o )] )
~ [«X [T
> = 4000- a
[T -—
= 2000 )
0- 0
b & L 3
0
0‘{6 e '& ‘:Q 49‘} QQ o Q&‘
B ™

\"‘ \\ " Q‘\ 6"

‘(\ \Q ] Q\\ A4

K& EE S
é Q q?Q

X x

& &
S





nav.xhtml


  life-13-02345


  
    		
      life-13-02345
    


  




  





media/file2.png
(B)

(A)

* %k %k

%k %k %k %k

%k %k %k %k

Yycl

Y 8Y

4 ¥2

ycl

4o

SR -
S X
- G

| | | I |
(Te) < ™ N - o

S|aA9T uldjoud
HAdVO / ¢-XOD PaZijeWw.ioN

12h 24h 48h 72h

Oh

Time





media/file13.png





media/file5.jpg
© -6 [G] McP-1

TNFo

(A

H

§ 8 8

(s -som

£8 5

fwson

1888°

T

o,

2
AR
o

&
S

£

2

e

R
Sl

Sl
e
R

FEE

&

o3

S

25

GM-CSF

(F)

%3

(L]

IFN-y

(8)

usaey

182
(ws b

p 3
~
e

e

&

-
2

=

Ve





media/file3.jpg
(a) TNF-a © -6 (€) McP-1

TNF-a(pgimL)
EENE)

SEELN

P
¢

&

&

(8) IFN-y. (o) L8 (F) GM-CSF

$36F

N (pgimL)

aucsr pomy

SEEE PSS SISy

O 50 el ot
SEE «“;{:”&i{” SEEEE

& & v & E





media/file1.jpg
(®)

Q)

Hxk

e

e

cox2
GAPDH

—r—T—T—T—1

sjoreT ujolold
HQdV 1 Z-XOD PezilewsioN

12n 24h 48h 72h

oh

Time





media/file7.jpg
MCP-1

(€)

-6

©

o

g [G] GM-CSF

(o)

TNF-a

(A)

A

28
@
P

IFN-y

P
EEEEER

(ubdio-

(8)

(e





media/file10.png
(A) TNF-o, (C) IL-6

* %
* %
* %k %
*okk  kokok
ok kokk £
1000~ 2000 - . .
g iy ~ 1500~
S 600 E
o)
%- 2 1000-
2 400+ 3
& s | = 500-
0~ 0-
0@6 & & Q\S‘ S P Q\fs & & & & o\xi‘ & P °$
& &S L8 & F P .
& IS O & &P SN SRS O
A AR
,@" &b- K @h S W K
QQ \\‘< 0\& QQ Q‘x\ QQ \\Q o‘x‘ QQ Q“‘
xV N ’ xb‘ o’ el éQ o xbl 3
< S WK TS
Q\\ b" Q\\ u‘ Q bl' Q\\ bl‘
NS S S ¢
eﬂ u x e!h
& 3 & &
A\ N A\ AN
‘\‘{( ‘\Q ‘\é( 3
* ok k
KKk %
Kk %
*kokk  kkok
150 10,000
kokk  Kokokk
- e p— __ 8000+
£ 1004 -
S £ 6000-
g 2
> =~ 4000~
0 - (-]
- 2000
0- 0
O ¢ N & OV Vv L »
(2 ‘-\\\ ((\\Q o@ @0 @\) o@ Q,\) d
OO E O S
¥ bQ ﬁQ o b‘}
W ‘\,m P W
QQ \\Q Qé QQ 0\&\
R
A s A o
Q\Q » Q\\Q W éQ\
Q S
N »
x Qx
& &
R Q

(E)

20

10

MCP-1 (pg/mL)

GM-CSF (pg/mL)

a

=

o
1

MCP-1

00 - .

1500~ l

00+

(=
o
|
*

H
o
|

N
o
1






media/file12.png
TNF-a

(A)

4000~

w
o
o
o
1

2000+

TNF-a(pg/mL)

1000

> O Oy O
¥ & .13’ O & O &
¥ ~o O ((, < <
&’ \& «& @ \x~ RO
S \F 43 \x Q <§F
ARG
TED "‘\6&“ S
x éﬂ
& & N
(B) IFN-y

2500

—~ 2000
E
5 1500-
e
> 1000
=
[
= 5004
0 == - a
v | I 1 1 1 I 1 I 1
> O (& O & O
& .{!—' D2 (&7 O (& Y
© Q\, PN ¢
@ O QS @"@ S &
N S e "Q\'oQ \QQﬁQ
N LA
& Q' & @
% & & X8 g 0
\\Sb «'sg-‘\ 5
«“‘ & &
& & (&
S S

IL-6 (pg/mL)

(D)

IL-8 (pg/mL)

IL-6 (E) MCP-1
* %k
2000+
* %k * %k 2000 -
*
= 15004
E -
e
= 1000
o
S 5004
S ” N
Q +0 +° \)Q +®\ \)Q \ Q@ +0 QQ og *0 og +0 \}Q
& Q\\ S O E W F P F
ROAOOG S ST
«"‘ e « s PO JOA
N\ \\e«a <<\<<+°e<\+°\\‘<+°
/@(‘( \&* Qx&&e \“*- “e\\“‘“\“e\“
S * & & >
‘< & > N A\ &
<§ QQ §$ & & O
N X S
IL-8 (F) GM-CSF
*
%k %k
*
*
10,000 604 k% *k
80004 _
E
6000 - I T - 3 40+
4000- 7
g 204
20004 o
0 T T 1 0-
’o\o g(e@{.@ Q/\)Q Q/oq *_0 @*_Q\ Q/QQ \ Q\\QZ:{_&' Q,og Q/\)zjg} ®Q<;:&g} Q\)Q
e a&x % Q\‘; S e‘?\‘\.&‘} N P S S o§«:§ S qf)&"
& &
& \<<“ « q\\“ o <<“ & & *‘“ . <<\‘ . \\Q‘\ &
e QO é \‘ ‘< x‘* & \!* \\ N

\\ & «“ \«“ w\"
& & & &
& & & g





media/file9.jpg
(A) TNF-a © -6 () mcp1

(8) IFN-y (D) -8 (F GM-CSF

P xé